The U.S. Environmental Protection Agency's (USEPA) current ambient water quality criteria (AWQC) for cyanide were developed in 1984. Since this time, additional research on cyanide toxicity and analytical chemistry has suggested that cyanide AWQC values need to be updated to reflect the current state-of-the-science and to ensure that the methods for implementing the cyanide AWQC reflect the bioavailable and toxic forms of cyanide. Therefore, the Water Environment Research Foundation (WERF) sponsored a reassessment of the AWQC for cyanide by initiating a thorough review of the current scientific literature on cyanide and conducting additional laboratory studies to further understand cyanide chemistry and toxicity. Consistent with the USEPA's draft strategy for developing AWQC, this evaluation also considered whether the cyanide AWQC are protective of benthos, threatened and endangered (T&E) species, and aquatic-dependent wildlife. This reassessment of AWQC for cyanide resulted in proposed freshwater acute and chronic criteria of 23 and 4.8 µg CN/L, respectively, which are comparable to the current freshwater acute and chronic criteria of 22 and 5.2 µg CN/L (free cyanide). For saltwater organisms, the reassessment resulted in proposed acute and chronic criteria of 20 and 4.1 µg CN/L (free cyanide), respectively, compared to the current saltwater acute and chronic criteria which are both 1.0 µg CN/L. The difference in the current and proposed saltwater criteria values is attributed to recent cyanide toxicity testing with several crab species in the genus Cancer and the copepod Acartia tonsa, which suggests this genus is not as sensitive to cyanide as previous cyanide toxicity testing indicated. A sediment-based cyanide criterion does not appear warranted if it is assumed that benthic organisms are not inordinately more sensitive to cyanide than the water column organisms that drive the basis for the proposed freshwater and saltwater criteria (the available cyanide toxicity data do not suggest that they would be), and given that bioavailable forms of cyanide are not expected to accumulate appreciably in sediment. Cyanide should thus be effectively regulated based on water column-based criteria and concentrations. Based on a combination of available empirical and estimated cyanide toxicity values for T&E species, the proposed freshwater criteria appear to be protective 5709 WEFTEC®.06
INTRODUCTION
The USEPA's ambient water quality criteria (AWQC) for cyanide were developed in 1984 (USEPA 1985a) . Since then, concerns have arisen that the AWQC for cyanide have been problematic to implement and may not accurately reflect either the toxic forms or bioavailable concentrations of cyanide in water, sediments, and tissues of aquatic organisms. Also, the cyanide criteria typically have been implemented based on total cyanide concentrations rather than the free cyanide concentrations that formed the basis of the criteria calculations (USEPA 1985a (USEPA , 2002 . New knowledge on the toxicity, speciation and measurement of cyanide, and the relative toxicity of bioavailable cyanide species suggest that a re-evaluation of the aquatic toxicity data and chemistry that serve as the basis of the current national criteria is warranted.
In response to these concerns, studies sponsored by the Water Environment Research Foundation (WERF) were undertaken to review and update our knowledge of the aquatic toxicity of cyanide, and to develop recommended updates to the existing national AWQC to enhance the scientific basis of the concentrations and chemical forms of cyanide specified for protection of aquatic organisms (Gensemer, et al. 2006a ). This update was conducted according to USEPA guidance for derivation of AWQC for protection of aquatic life (USEPA 1985b) , and is based both on an extensive literature review (Clark, et al. 2006 , Gensemer, et al. 2006b ), and on new toxicity studies conducted to fill key data gaps. Also, consistent with the USEPA's Draft Strategy: Proposed Revisions to the "Guidelines for Deriving Numerical National Water Quality Criteria for the Protection of Aquatic Organisms and Their Uses"(USEPA 2003b) , this re-evaluation of cyanide criteria includes consideration of impacts on benthic (sediment) organisms, wildlife that consume aquatic biota, and possible effects to threatened and endangered (T&E) species to ensure that revised criteria are adequately protective of the entire aquatic ecosystem. It must be emphasized that even though WERF has worked collaboratively with the USEPA on this project, these proposed revised cyanide criteria have not been officially reviewed by the USEPA. Therefore, the criteria recommended below do not necessarily reflect the USEPA's position with regard to AWQC for cyanide.
CYANIDE CHEMISTRY AND BIOAVAILABILITY
The cyanide group (CN) can be present in a number of different compounds, such as free cyanide (HCN and CN . The common total cyanide measurement captures free cyanide plus metal-cyanide complexes. The distribution of free cyanide between HCN and CN -depends on pH and temperature. The pK a for hydrocyanic acid is 9.23 at 25˚C, indicating that for water below a pH of 8 the predominant form of free cyanide is HCN, which is volatile. As discussed in the AWQC document for cyanide (USEPA 1985a) , the apparent toxicity of most simple cyanides and metallocyanide complexes to aquatic life mainly results from HCN derived from dissociation, photodecomposition, and hydrolysis (Doudoroff, et al. 1966 , Smith, et al. 1979 , Pablo, et al. 1997a , Pablo, et al. 1997b , although CN -can also exhibit toxicity in some cases (Broderius, et al. 1977) . Most metallocyanide complexes are not very toxic, although under some conditions, the metals themselves can be present in acutely toxic concentrations (Gensemer, et al. 2006b ). Overall, free cyanide (sum of HCN and CN -) appears to be the most toxicologically relevant form with respect to aquatic life. Indeed, the 1984 AWQC for cyanide are specified in terms of free cyanide (USEPA 1985a). For a more detailed review of the toxicological importance of free cyanide to aquatic organisms, see Gensemer et al. (2006b) .
SUMMARY OF AWQC GUIDELINES AND CURRENT AWQC FOR CYANIDE
The methods used for the reassessment of AWQC for cyanide are based on the USEPA's Guidelines for Deriving Numeric National Water Quality Criteria for the Protection of Aquatic Organisms and Their Uses (USEPA 1985b) . Accordingly, the following summarizes these guidelines and important terminology. The first step is to compile acute and chronic toxicity data that meet acceptability requirements defined in the Guidelines. For each species with acceptable acute toxicity data, the species mean acute value (SMAV) is calculated as the geometric mean of available 48 to 96-hr LC/EC50s for each species. The LC50 is the chemical concentration resulting in 50% mortality of tested organisms and the EC50 is the chemical concentration resulting in a defined effect to 50% of the test organisms.. The genus mean acute value (GMAV) is then calculated as the geometric mean of available SMAVs for each genus. The 5 th percentile of the distribution of available GMAVs is identified as the final acute value (FAV), which is divided by two to determine the criterion maximum concentration (CMC) which is more commonly termed the "acute criterion." It is important to note that the 5 th percentile is calculated based solely on the four most sensitive GMAVs and the total number of GMAVs (USEPA 1985b) . If the SMAV for a recreationally or commercially important species is less than the FAV, the FAV may be set equal to that SMAV.
The chronic criterion may be derived in a manner similar to the CMC, but chronic toxicity data are typically unavailable for a sufficient number of species (as is the case for cyanide). It is thus typically necessary to apply an acute-chronic ratio (ACR) to the FAV to estimate the final chronic value (FCV). As the name implies, the ACR is the ratio of acutely toxic concentrations to chronically toxic concentrations. To derive a chronic criterion using an ACR, chronic toxicity test data (longer-term survival, growth, or reproduction) must be available for at least three taxa. Unless other data are available to suggest the FCV is under-protective of the aquatic community (including protection of aquatic plants, and protection from bioaccumulative substances), the criterion continuous concentration (CCC), or chronic criterion, is set equal to the FCV.
The current AWQC for cyanide (USEPA 1985a) are summarized in Table 1 . As shown, the acute and chronic freshwater criteria were lowered to protect the recreationally and commercially important rainbow trout (Oncorhynchus mykiss). Because insufficient chronic toxicity data were available to meet the minimum diversity requirements in the Guidelines (USEPA 1985b), both freshwater and saltwater chronic criteria were calculated using the ACR approach. For freshwater organisms, the ACR was based on the geometric mean ACR of 8.568 for four freshwater species. For saltwater organisms, the FAV was driven by the sensitivity of rock crab (Cancer irroratus) larvae. It was assumed that the acute sensitivity of crab larvae to cyanide provided a better indication of the chronic sensitivity of this species than would be obtained by dividing this acute value by an ACR. Thus, the FCV was set equal to the CMC. 
METHODS
Cyanide toxicity studies published after release of the 1984 AWQC for cyanide were identified and reviewed relative to the USEPA Guidelines (USEPA 1985b) summarized above (Gensemer, et al. 2006a , Gensemer, et al. 2006b ). Because the toxicity of cyanide is driven by the free cyanide forms (sum of HCN and CN -), and consistent with the 1984 AWQC, the literature review focused on toxicity studies that evaluated the toxicity of free cyanide or cyanide salts that readily dissociate to free cyanide (e.g., NaCN, KCN). All cyanide concentrations reported herein are free cyanide concentrations expressed as mass CN per liter. If toxicity data reported in the original studies were expressed in terms of free cyanide as CN, then no adjustment was necessary. However, if the free cyanide concentration was expressed as HCN, KCN, etc., then the concentration was adjusted based on the relative molecular weights of the compound and CN. Finally, when cyanide concentrations were reported in the original literature as HCN, rather than in terms of free cyanide, the data were converted from molecular HCN to free cyanide (HCN 
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Chronic toxicity data compiled in our reassessment of the AWQC development were generally reported as no observed effect concentrations (NOECs) and lowest observed effect concentrations (LOECs). These values are derived using hypothesis testing, where the NOEC represents the highest concentration tested that did not result in a statistically significant effect relative to the control and the LOEC represents the lowest concentration tested that did result in a statistically significant effect relative to the control. However, the Guidelines (USEPA 1985b) also allow the use of regression analysis to identify chronic values associated with a specific level of effect. In the updated AWQC for ammonia (USEPA 1999) and the draft AWQC for copper (USEPA 2003a) , chronic values were based on EC20 values calculated using regression analysis. An EC20 represents a 20% inhibition of the most sensitive chronic endpoint (i.e., survival, growth, or reproduction) relative to controls, and is widely considered to be the lowest level of effect that can be reliably distinguished from controls using commonly available statistical methods. An EC20 approach was likewise used in this reassessment for cyanide, whereas the NOEC/LOEC approach was used in development of the 1984 AWQC (USEPA 1985a). when compared to the 1984 AWQC (USEPA 1985a) . Although the number of freshwater GMAVs increased from 15 to 28, the proposed freshwater CMC continues to be based on the rainbow trout SMAV, which only changed slightly based on new rainbow trout toxicity data (Table 2) . Although the acute criterion increased slightly, the CCC decreased slightly because the final ACR increased from 8.568 to 9.659, which resulted from calculating chronic values from EC20 values rather than the geometric mean of the NOEC and LOEC, as was done in the 1984 AWQC (Table 2) . (Brix, et al. 2000 , Northwestern Aquatic Sciences 2005a , 2005b , 2005c ) and the copepod Acartia tonsa (Parametrix 2006a (Parametrix , 2006b ) resulted in substantial changes to the proposed CMC, but a smaller change to the recommended chronic criterion due to a difference in the recommended final saltwater organism ACR. The proposed acute saltwater criterion is approximately 20 times greater than the current acute criterion (Table 3) . However, the proposed chronic saltwater acute criterion is only about four times greater than the current saltwater criterion (Table 3) to 9.659. In the 1984 AWQC, an ACR of 2 was used because the criterion was driven by the sensitivity of larval Cancer irroratus and the acute sensitivity of crab larvae was assumed to provide a reasonable estimate of the chronic sensitivity of larval crabs according to the USEPA Guidelines (USEPA 1985b). With Acartia now being the most sensitive GMAV and driving the saltwater criteria, the basis for an ACR of 2 no longer applies and the geometric mean ACR of 9.659 was used. tonsa, which suggests that these genera are not as sensitive to cyanide as previous cyanide toxicity testing indicated.
Because the USEPA's draft strategy for deriving ambient water quality criteria considers a more integrated approach for environmental protection (USEPA 2003b), this reevaluation of cyanide criteria also included consideration of impacts on benthic (sediment) organisms, wildlife that consume aquatic biota, and possible effects to T&E species to ensure that revised criteria are adequately protective of the entire aquatic ecosystem. First, the proposed freshwater criteria should be protective of benthic organisms, in part because the available cyanide toxicity data suggest that freshwater benthic invertebrates are much less sensitive to cyanide than rainbow trout and fish species in general. The weak chemical binding of free cyanide to natural sediments and the biodegradability of free cyanide also make it unlikely that free cyanide will accumulate to any appreciable extent in biologically active soils and sediments (Dzombak, et al. 2006 , Gensemer, et al. 2006a ).
The proposed freshwater criteria (Table 2) would also be protective of all but the most sensitive individuals within two T&E fish species based on an analysis (DeForest, et al. 2005 ) of both empirical toxicity data and predicted toxic concentrations from USEPA's Interspecies Correlation Estimations (ICE) model (Asfaw, et al. 2003) . Use of the ICE model, which tends to estimate conservatively low LC50 or LC01 values for cyanide, still only predicts that a small percentage of individuals in two T&E fish species (fountain darter, Etheostoma fonticola, and Apache trout, Oncorhynchus apache) would be affected at the cyanide CMC. Given that there is a conservative bias to this analysis, interspecies extrapolations thus suggest that the cyanide CMC would be protective of most T&E species, even at the level of the individual organism. For water bodies with potentially sensitive T&E species present, however, developing site-specific AWQC greater than the nationally recommended criteria values (such as by removal of coldwater species from the toxicity data set using USEPA's Recalculation Procedure) is not recommended to ensure adequate protection at levels recommended by the Endangered Species Act.
The proposed freshwater criteria (Table 2) should also be protective of aquatic-dependent wildlife, even if wildlife were to chronically ingest drinking water with a cyanide concentration equal to the acute criterion. To reach this conclusion, we estimated a cyanide concentration in drinking water that would be protective of 95% of wildlife species, and this (32 µg CN/L) was higher than either the proposed acute or chronic criteria. It is unlikely that a bird, even if exposed continuously to a cyanide concentration equivalent to the proposed acute criterion of 23 µg CN/L, would reach a suggested safe dose of 0.01 µg CN / kg BW (Clark, et al. 2006 ). If exposed continuously to the proposed chronic criterion of 4.8 µg CN/L, the likelihood is even lower.
